Background: Gaucher disease is classified into neuronopathic and non-neuronopathic forms with wide phenotypic variation among patients sharing the same genotype. While homozygosity for the common L444P allele usually correlates with the neuronopathic forms, how a defined genotype leads to a phenotype remains unknown. Methods: The genetic and epigenetic factors causing phenotypic differences were approached by a clinical association study in 32 children homozygous for the point mutation L444P. Direct sequencing and Southern blots were utilised to establish the genotype and exclude recombinant alleles. Glucocerebrosidase activity was measured in lymphoblast and fibroblast cell lines. Results: Residual enzyme activity was highly variable and did not correlate with the observed clinical course. There was also a wide spectrum of phenotypes. Average age at diagnosis was 15 months, and slowed saccadic eye movements were the most prevalent finding. The most severe systemic complications and highest mortality occurred in splenectomised patients before the advent of enzyme replacement therapy (ERT). On ERT, as morbidity and mortality decreased, developmental and language deficits emerged as a major issue. Some trends related to ethnic background were observed.
Conclusion:
The wide clinical spectrum observed in the L444P homozygotes implicates the contribution of genetic modifiers in defining the phenotype in Gaucher disease. G aucher disease (MIM 230800, 230900, 2301000), the inherited deficiency of the lysosomal enzyme glucocerebrosidase (GBA; EC 3.2.1.45), results from an abnormal accumulation of the lipid substrate glucocerebroside. This multi-system disease presents with a vast spectrum of phenotypes, including a number of patients who defy categorisation into the classic three types, non-neuronopathic (type 1) and neuronopathic (types 2 and 3), yet represent a part of the phenotypic continuum. 1 2 While it has been suggested that factors such as the environment or modifier genes contribute to the complicated phenotypes associated with Gaucher disease, the impact of these factors still remains elusive.
Chronic neuronopathic, or type 3, Gaucher disease commonly presents with diverse neurologic features at any time during infancy and early childhood. The most prevalent neurologic finding is a horizontal supranuclear palsy, often seen in association with severe systemic involvement. 3 4 Other patients have mild systemic manifestations and moderate organomegaly, yet develop a slowly progressive neurological disease, with generalised seizures, myoclonus, ataxia, and/or dementia. 5 The gene for human GBA is located on chromosome 1q21. A pseudogene, located 16 kb downstream from the functional gene, shares 96% exonic sequence homology. 6 The first described mutation in GBA, L444P, 7 still remains the most frequently encountered disease-causing allele in neuronopathic patients, either as a single base substitution or as part of a recombinant allele. 8 While it has been suggested that the genotype plays an important role in determining the degree of neurological involvement, 9 the mechanisms by which a defined genotype leads to a particular phenotype remain unknown. Although homozygosity for the mutation L444P is considered to be predictive of neuronopathic disease, in a large Gaucher disease registry, 25% of the patients identified with the genotype L444P/L444P were categorised as type 1. 10 Moreover, earlier studies, conducted when genotyping relied solely on PCR methodologies, inadvertently may have included patients with recombinant alleles, thereby complicating the interpretation of the clinical spectrum associated with the point mutation L444P.
Several strategies, including the use of discordant sib pairs 11 and mouse models, 12 have been employed to determine the cause of phenotypic differences at a given disease locus. A genotypically homogeneous group also can provide valuable insights into the genetic and epigenetic factors that play a role in a single gene disorder. In this clinical association study, we attempt to establish the contribution of genetic modifiers by investigating the range of phenotypes encountered in a cohort of 32 patients with genotype L444P/ L444P.
METHODS

Subjects
The clinical records of 70 patients with Gaucher disease with nervous system involvement were reviewed. The majority of these patients were examined at the NIH Clinical Center and provided informed consent under IRB-approved clinical protocols. In several cases, including the three Norrbottnian patients, clinical records, cell lines, and DNA were provided by clinical collaborators.
Mutation analysis
High molecular weight DNA was isolated from blood, EBVtransformed lymphoblasts, or fibroblast cell lines from the patients. In most cases, DNA was initially screened for the common mutations N370S, L444P, R463C, c.84-85insG, IVS2+1 GRA, and 55 bp deletion (c.1263-1317del). To better characterise the L444P alleles, all exonic and flanking intronic regions were selectively amplified in three fragments ranging from 1.7 to 3 kb in length. All mutations were confirmed by direct sequencing and special attention was paid to the sequence of introns and exons in the downstream regions of GBA to confirm the absence of pseudogene sequence.
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Southern blot analyses Southern blots were performed to exclude the presence of a recombinant allele resulting from reciprocal crossover. Briefly, genomic DNA was digested with the restriction enzymes SstII, SspI, or HincII, electrophoresed on a 0.6% I.D. N.A. agarose gel, transferred to nitrocellulose, and hybridised with a 32 P-labeled GBA cDNA probe.
Enzyme assay Glucocerebrosidase activity was measured in fibroblast and/ or EBV-transformed lymphoblast cell pellets using the 4-methylumbelliferyl-b-D glucopyranoside substrate, as previously described. 14 The enzymatic assays were all performed in a single laboratory.
RESULTS
Direct sequencing and Southern blots identified a total of 32 children (15M:17F) homozygous for point mutation L444P, including two siblings (cases 14 and 15). None had a recombinant or a fusion allele. Table 1 summarises the demographics and clinical course in this cohort. Among the 32 L444P homozygotes, there was a wide range of geographical and ethnic backgrounds, including three from the Norrbottnian region of Sweden, ten of Hispanic origin, two African-Americans, and one with Hispanic and Iranian heritage. Consanguinity was recorded in one family (case 9). The age at diagnosis ranged from 2 months to 2.5 years, with a mean of 15 months. The clinical course and outcome observed in these patients varied from young children with severe systemic and/or nervous system involvement that led to early death, to relatively asymptomatic college students, as illustrated by four cases in fig 1. Nine of the 32 underwent splenectomy, and of these, seven patients were splenectomised before enzyme replacement therapy (ERT) was available. Most splenectomised patients had a fulminant clinical course, including three who developed pulmonary hypertension or cirrhosis with oesophageal varices, and died by adolescence. One patient died following bone marrow transplantation. The overall mortality among the 27 subjects with available follow-up data was 15%. In contrast, 25% (8/32) had only minimal neurologic involvement and normal cognition, although their systemic manifestations varied.
The neurologic features are detailed in table 2. The common finding reported in each patient was slowed horizontal saccadic eye movements. In some, the eye movement abnormality was described as mild, and in the others the finding was not documented at the time of diagnosis. However, on subsequent neurophthalmologic evaluations, the saccadic abnormality was ultimately detected, in some cases (11 and 27) several years after the initial diagnosis. Although EEG abnormalities, especially slowed background activity, were commonly encountered (18/32), clinical seizures were rare and occurred in approximately 16% (5/32). Usually the onset of seizures was within a few years after the clinical diagnosis of Gaucher disease, although one patient (case 30) developed clinical seizures significantly later, at age 18. Other EEG findings included a diffuse encephalopathic pattern and generalised epileptiform activity. The brain stem auditory evoked response (BAER) was abnormal in eight (8/ 19) and somatosensory evoked potential (SSEP) abnormalities were present in three (3/18). Other neurological symptoms included ataxia in two patients and myoclonus in one. Brain stem involvement, verified clinically by progressive swallowing dysfunction, was noted in one patient. Dementia and progressive spasticity were seen only in the Norrbottnian isolate.
Data regarding developmental outcome were available for 23 cases, and varied from normal cognition to developmental delay of varying degrees. A formal neuropsychological evaluation was performed in 21. Of 19 patients tested using the Wechsler Intelligence Scale (WISC), eight had normal (IQ/DQ>81), two had borderline (IQ/DQ 70-80), and nine had below average (IQ/DQ(69) intellectual skills. The most common problem was speech delay, seen in 12 cases, with or without other developmental problems (12/23), although six had only mild expressive delays. Two boys with moderatesevere mental retardation were diagnosed with autism and one female patient with developmental delay exhibited autistic features.
The residual enzyme activity (fig 2) ranged from less than 1% to 13.3% of control values. Five cases had severe manifestations despite higher enzyme activity. Patients 2, 3, and 5 had the most severe systemic involvement and two died by adolescence. Patient 22 had relatively mild systemic disease, but suffered from generalised seizures and ataxia, and patient 29 presented with brain stem involvement. In contrast, the two patients (11 and 17) with the lowest residual enzyme levels had the mildest phenotypes and normal cognition, and exhibited only the eye movement abnormality.
Before ERT was available, two patients underwent bone marrow transplantation and one died soon after the transplant due to sepsis. The second patient, transplanted at age 2, continued to have cognitive delays with persistent organomegaly, and was started on ERT at age 9. Enzyme replacement, usually administered at a dose of 60 IU/kg every other week, reversed many of the systemic manifestations in all 23 patients on therapy. The youngest patient to receive treatment was 4 months and the oldest started at age 20. Six patients received high-dose therapy (>120 IU/kg).
DISCUSSION
It is becoming increasingly clear that Mendelian diseases are not ''simple''. Patients with single-gene traits have complicated phenotypes that are affected by the environment, by different thresholds of protein expression, 15 16 or by the genotype at other loci, referred to as modifier genes. 17 A modifying locus for a Mendelian trait is defined as an inherited genetic variation leading to a qualitative or quantitative difference in any aspect of the disease phenotype. Many genetic disorders such as cystic fibrosis 18 and familial adenomatous polyposis 19 20 are influenced by modifier loci distinct from the disease locus.
Although the effects of genetic modifiers have only recently gained recognition as an explanation for the variability of phenotypes in humans, evidence of modifying effects has been well established in mice. A range of phenotypes, not explained by disease-causing alleles or environmental factors, is often encountered among inbred strain backgrounds. For example, the mouse model of Mininduced intestinal neoplasia 21 shows diverse phenotypes, similar to the genetic heterogeneity observed in familial adenomatous polyposis. Mom-1 was identified as a major modifier locus causing the phenotypic variation. 22 Unfortunately, there is not an appropriate mouse model of Gaucher disease to study the phenotypic differences for a given disease-causing GBA mutation. The first mouse model, generated with a null allele, resulted in a neonatal lethal phenotype 23 and in a second, adult mice carrying the point mutation L444P exhibited partial enzyme deficiency and some systemic inflammation, but lacked Gaucher cells and the phenotypic features of neuronopathic Gaucher disease. 24 Mouse models of other disorders have demonstrated that genetic modifiers affect penetrance, and cause variable expressivity or pleiotropy that may alter the phenotype. If Gaucher disease is a fully penetrant Mendelian disorder, modifiers could act both through expressivity and pleiotropy. Expressivity refers to the severity of expression of the phenotype caused by a particular genotype. 25 Previous genotype-phenotype studies [26] [27] [28] have led to certain generalisations, such as the association of the homozygosity for L444P with neuronopathic Gaucher disease. While in this cohort all patients had neurologic involvement, neither the extent nor the severity of neurologic manifestations could be predicted from the genotype. Previously, it was demonstrated that the majority of presumed L444P homozygotes with type 2 Gaucher disease actually carried at least one recombinant allele. 29 However, in this series, there was an exception to this observation. One L444P homozygote (case 29) presented with rapidly progressive neurologic disease in early childhood, demonstrating that the genotype is not the only determinant of disease severity. There are other examples demonstrating the lack of uniformity of clinical manifestations in this cohort. Although the eye movement abnormality was the single neurologic finding shared among all the patients, the age when this symptom was detected was highly variable, sometimes not being reported until late childhood. It is recommended that any patient identified with genotype L444P/L444P yet lacking slowed horizontal saccades, be monitored by careful periodic neurophthalmologic examinations before being considered as type 1. Other natural history studies of patients with Gaucher disease have made use of a clinical scoring system to compare disease severity. 30 Since this scoring system does not take into consideration the patient age, neurologic involvement, or whether treatment was administered, we did not find it useful in this series.
The diverse phenotypic effects of a single gene change, such as the involvement of specific organ systems or the presentation of a given symptom, are referred to as pleiotropy. 25 Genetic modifiers of pleiotropy result in different traits on similar backgrounds. For most pleiotropic disorders, the connection between diverse manifestations is not well understood. Although other genetic mechanisms such as promoter mutations, environment, and other non-genetic causes may play a role, the great variation in systemic involvement in this group of L444P homozygotes suggests the influence of modifier loci. Among the 32 patients, only 50% had involvement of the skeletal system, liver disease was seen in less than 20%, and there were differing degrees of pulmonary involvement. Pulmonary hypertension, previously suggested as a frequent complication in patients with genotype L444P/L444P, 31 was only observed in two cases (4 and 5).
The effect of modifiers can also be demonstrated when the extent to which a trait is evident varies among different genetic backgrounds. In this series, there appear to be differences in the clinical course and outcomes between different ethnic groups. For example, the African-American patients had severe neurologic involvement, while those of Hispanic origin had a less favourable developmental outcome. The three patients from the Norrbottnian genetic isolate in Sweden demonstrated a unique phenotype, characterised by dementia and spasticity.
Various combinations of partially active or null-GBA alleles could lead to variable levels or thresholds of GBA activity and, hence, differing phenotypes. 32 A threshold model that relates the mutant protein function to a phenotype has been proposed for Mendelian disorders, where a severe phenotype would be observed when the activity of mutant protein/ enzyme is below a certain level and, above that level, the phenotype would be expected to be milder. 33 While this hypothesis might be valid for certain Gaucher mutations, such as N370S, it does not seem to hold for the L444P allele. In this series of patients with genotype L444P/L444P, the residual enzyme activity was highly variable and did not correlate with disease severity. The degree of the systemic and/or neurologic manifestations could not be predicted from the level of residual enzyme activity, and, in fact, brain stem Figure 1 Phenotypic spectrum in patients with genotype L444P/L444P. Among L444P homozygotes, the spectrum of symptoms and disease progression observed ranged from mildly symptomatic young adults exhibiting slowed saccades to young children with brain stem involvement. (A) Patient 16 at age 18. She was diagnosed at age 15 months with organomegaly and horizontal supranuclear palsy. She had skeletal complications before ERT was started at age 7. She is currently a college student and a ballet dancer. (B) Patient 9 at age 8. She presented with organomegaly and failure to thrive at age 9 months, and ERT was begun at age 1 year. Her current findings include interstitial pulmonary infiltrates and mild learning difficulties, but no skeletal involvement. (C) Patient 3 presented at age 1 year with liver fibrosis, severe bone disease, and portal hypertension. At age 10, he underwent a bone marrow transplant, and died of sepsis shortly afterwards. (D) Patient 29 was diagnosed at age 15 months with organomegaly, ocular apraxia, horizontal supranuclear palsy, and developmental delay. Although ERT was started immediately, at age 26 months she has brain stem involvement with swallowing dysfunction and recurrent stridor. Consents to publish these photographs were provided by the patients and/or parents. The photograph of case 3 was previously published, 44 and permission for reproduction was granted by both author and publisher.
Electronic involvement was observed in one case with relatively high enzyme levels (case 29). Both severe and relatively mild phenotypes were seen for a given enzyme activity as well. It should be noted, however, that enzymatic activity was measured in cultured fibroblasts and EBV-transformed lymphoblast cell lines using a synthetic substrate, and may not be an actual reflection of activity in specific tissues, especially the brain. In addition to modifier loci, environmental factors can alter the severity of phenotype in affected individuals. Exposure to specific stressors, such as viral or other febrile illnesses and surgical interventions, are all non-genetic factors that might impact upon disease progression. Moreover, any intervention applied during the course of the pathologic process can be regarded as an environmental variable, as exemplified by dietary management in disorders of amino acid metabolism. In this cohort, two modalities, splenectomy and ERT, were shown to affect the course in Gaucher disease. Prior to enzyme replacement, splenectomy was commonly performed and usually improved the haematological manifestations. However, two splenectomised patients in our series (cases 2 and 5) had severe systemic involvement without any correlation with the residual enzyme activity. It is still unclear whether splenectomy was a precipitating factor, or whether patients having severe disease required splenectomy. In general, patients with the genotype L444P/L444P clearly have benefited from ERT, with significant improvements in morbidity and mortality. Since ERT does not halt the progression of neurologic manifestations, 34 the most common clinical finding now associated with genotype L444P/L444P is an isolated horizontal supranuclear palsy. Furthermore, due to the reduction of systemic complications and early mortality with ERT, there is increasing evidence that cognitive and speech deficits are associated with neuronopathic Gaucher disease. In this group, while developmental deficits were documented in the majority, less than 35% received adequate educational services and support. Current management of patients with Gaucher disease should include screening for and treatment of developmental and language problems.
Modifying genes might influence the phenotype by their specific action on disease pathways or protein-protein 35 36 In Gaucher disease, modifiers could interfere with intracellular processing of the mutant enzyme, or the turnover of glucocerebroside and/or the toxic intermediate glucosylsphingosine. 37 Additive effects of distant loci regulating immune response and/or activation of macrophages also could lead to phenotypes discordant with the residual enzyme activity.
The identification of specific genetic modifiers in rare disorders like Gaucher disease is challenging. Exploring specific candidate genes has had very marginal success. [38] [39] [40] The careful characterisation of cohorts sharing the same genotype may facilitate more global approaches using microarrays, haplotype analyses, and proteomics. The complexity of the associated phenotypes in Gaucher disease, including patients described with parkinsonian manifestations, 41 42 is another example of how the boundaries between common complex diseases and simple Mendelian disorders are becoming increasingly blurred. The identification of specific genetic modifiers would not only lead to the development of novel therapeutic strategies but might also provide insights into pathogenic mechanisms shared by both Mendelian and complex disorders. Figure 2 Residual glucocerebrosidase activity in patients with Gaucher disease and genotype L444P/L444P. The residual enzyme activity measured in fibroblasts (solid bars) and lymphoblasts (shaded bars) ranged from less than 1% to 13.3% of control values and did not correlate with disease severity. Of note, the lowest enzyme activity was detected in lymphoblasts, which might not reflect glucocerebrosidase activity in brain or other organs.
